Underwat er, the contrast between object and background is much larger reduced with increasing distance between object and observer than in air. For marine predators, such as pinnipeds, it would therefore be advantageous to possess a high sensitivity for brightness differences, since this would increase the distance at which prey can be detected visually. Few studies have examined the brightness discrimination thresholds of pinnipeds. Two studies with phocid seals have confirmed low brightness discrimination thresholds in pinnipeds whereas the threshold obtained for the South African fur seal seems to be twice as high as that of the phocids. However, the experiments with the South African fur seal have been conducted under inadequat e conditions which likely resulted in an underestimation of the brightn ess discriminatio n ability of this species. The study at hand reinvestigated the brightness discrimination threshold of the South African fur seal under well controlled conditions. In a two alternative forced choice task, one fur seal was trained to indicate the position of the brighter of two gray discs presented on a black background on a monitor. The thresholds were determined for 11 standard intensities each tested against 8 lower comparison intensities. It was found that the fur seal was able to perceive brightness differences of 8-10%, which is better than the phocid species tested so far. For low standard intensities, however, the threshold increased which could to be due to a relative slow dark adaptation rate of the fur seal. The results are discussed in terms of the relevance of visual information for pinnipeds during foraging dives and are directly compared to the results obtained for the harbor seal which has been tested under the same conditions as the fur seal in a previous study.
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Introduction
As marine predators, pinniped s perform foraging trips that range from a few 10 up to several 100 km away from their haulout sites which they regularly return to for resting, molting or suckling their pups. Their marine environment makes direct observations of their hunting and foraging behavior almost impossible, and thus it is largely unknown how pinnipeds find patchy food resources, pursue prey and navigate back to their haul-out sites. Therefore, in the past years laboratory investigatio ns of the sensory capacities of pinniped s have begun to assess what sensory information is available to pinnipeds while performi ng these tasks.
Visibility is thought to be restricted not only while foraging at night but also while diving during the day, because even in clear ocean waters light is rapidly attenuated with increasing depth (Jerlov, 1951 ) . In shallow coastal waters visibility can be drastically affected by turbidity (Weiffen et al., 2006 ) . It would seem, therefore, that sensory modalitie s other than vision are of primary importance to foraging pinnipeds. Nevertheless, investigatio ns on visual capabilities in the past years revealed a high degree of adaptatio n of the pinniped eye to their arrhythmic and amphibious lifestyle which argues for a high significance of this sensory modality (Hanke et al., 2009; Mass & Supin, 2007 ) .
As an adaptation to the amphibious lifestyle, pinniped s have good visual resolution in air and water. This results from the combination of a spherical lens, a flattened corneal window in which refraction remains almost equal in both media, and a stenopeic pupil that constricts to a pinhole under bright light condition s (Busch & Dücker, 1987; Dawson, Schroeder, & Scharpe, 1987; Hanke et al., 2006 Hanke et al., , 2009 Levenson & Schusterm an, 1997; Schusterman, 1972; Schusterman & Balliet, 1970; Walls, 1942 ) . To adapt to low light levels the sensitivit y of the pinniped eye is increased. The eyes are large which allows for a strong widening of the pupil resulting in a low f-number. This increases the amount of light focused on the retina in dim light conditions (Hanke et al., 2009; Jamieson & Fisher, 1971; Levenson & Schusterman, 1997; Walls, 1942 ) . The retina is densely packed with rods and almost complete ly superimposed by a tapetum which increases the probability of photon catches (Jamieson & Fisher, 1971; Peichl, Behrmann, & Kröger, 2001; Peichl & Moutairou, 1998; Walls, 1942 ) . Addition ally, pinnipeds seem to be adapted for fast changes in light levels that occur when diving. This adaptation is likely based on a wide range of pupillary dilatation which hastens adaptation and thus retains the sensitivity of the photoreceptor s (Levenson & Schusterman, 1997 .
Visual adaptations in pinniped s has primarily been studied in the harbor seal (Hanke et al., 2009 ) and the California sea lion but little is known about the visual capabilities of fur seals (genera Arctocephalus and Callorhinus). Although some commonalit y in the visual capabilities of different pinniped species can be found, e.g. regarding visual acuity and adaptation of the optics to amphibious vision, differences in their biology may have led to species specific adaptations in other aspects of the visual modality. A good example is the different rate of dark adaptation in different species that seems to correlate with their respective maximum diving depth (Levenson & Schusterm an, 1999) . Thus, already Hanke et al. (2009) noted that combinin g the data of visual capabilities from different species should not be the method of choice. Rather, a comparis on of visual capabilities between different species should be performed and may lead to a better understand ing of the selective pressure that drove adaptation of the visual system in secondarily aquatic pinnipeds.
To date the only psychophys ical investigation on the visual sense of fur seals has been conducte d by Busch and Dücker (1987) . In their research on the South African fur seal (Arctocephalus pusillus ) and the South American fur seal (Arctocephalu s australis) they evaluated two major aspects defining the resolution of the eye: Visual acuity and brightness discriminati on. While visual acuity assesses the highest spatial frequency the eye can resolve at the maximum brightness contrast, brightness discriminati on assesses the lowest perceivable brightnes s difference between objects composed of a variety of spatial frequencies. Both parameters determine the resolution of details in a natural scene and are critical for the detection of motion (Walls, 1942 ) , motion direction, and estimation of the motion rate (Hanke et al., 2009 ) .
While the visual acuity of the South African and South American fur seal, described by 6 0 6 00 in air, compared well to that of other pinniped species and terrestria l carnivores (for a review see Hanke et al., 2009 ) , their brightness discriminati on was rather poor (Busch & Dücker, 1987 ) . The mean Weber fraction of all standard intensities tested with the two fur seal species was calculated to be 0.3 (Griebel & Schmid, 1997 ) , which refers to a just noticeable intensity differenc e of 30%. This low resolution of brightness contrasts found for the fur seals is surprisin g for these marine predators that are known to feed in depth of up to 200 m (Gentry & Kooyman, 1986 ) , where ambient light is sparse and light scatterin g reduces the contrast of objects to their background with increasing distance between object and observer (Warrant & Locket, 2004 ) . High sensitivity and a low threshold for brightness differences would decrease the maximum distance at which fur seals could detect their prey visually. In fact studies with two phocid species show that these marine predators are in fact very sensitive to brightness differences. A recent study with the harbor seal, known to forage in depth ranging from 40 to 450 m, found that this species is able to perceive brightness differences of only 14% (Scholtyssek, Kelber, & Dehnhardt, 2008 ) which is compara ble to humans (Cornsweet & Pinsker, 1965; Griebel & Schmid, 1997 ) . Similarly, Wartzok and McCormick (1978) reported a just noticeable intensity difference of 12% for the brightness discriminati on ability of the Bering Sea spotted seal. Unfortunate ly, they never published the data.
However, when Scholtyssek , Kelber, and Dehnhardt (2008) reanalyzed the data obtained by Busch and Dücker (1987) they found indications for the brightness discriminati on ability of the two fur seal species being underestimate d. Scholtyssek, Kelber, and Dehnhardt (2008) reported that the lowest Weber fraction obtained for the fur seals was approximat ely 0.19, which was more comparable to the values obtained for the two phocid species. From this point of best discrimination, the Weber function for the fur seals rose for increasing as well as decreasing stimulus magnitud es. This increase contradicts Weber's law which states that the just noticeable intensity difference (DI) should increase linearly with the magnitud e of the standard stimulus (I). Thus the Weber fraction (DI/I) should be constant for all stimulus magnitudes (with the exception of magnitudes near the absolute detection threshold). This relationship between DI and I also holds true for the brightness discriminati on ability of the harbor seal (Scholtyssek, Kelber, & Dehnhardt, 2008 ) .
The unusual trend of the fur seals' Weber function may be explained by the methods used by Busch and Dücker (1987) for threshold determination . The luminance of the experimental environment in their study varied drastical ly because it was influenced by daylight. Consequently, the brightness of the reflecting gray stimulus cards the fur seals had to discrimin ate between varied as well. Thus, two shades of gray that could be discrimin ated 1 day may not have been discriminable the next day. Moreove r, the authors only provided the relative reflectance of the stimulus cards, but did not measure the actual intensity or brightness of the cards for different lightning conditions. This likely caused the large variation of the Weber fractions .
In order to evaluate if the high mean Weber fraction and the unusual trend of the Weber function obtained by Busch and Düc-ker were a consequence of poorly controlle d methods, the study at hand reinvestigated the brightness discrimin ation ability of one South African fur seal using well-con trolled ambient illumination and exact measureme nts of the relative intensity of the stimuli. Experime nts were carried out under the same conditions as those used to determine the brightness discrimination threshold of the harbor seal (Scholtyssek , Kelber, & Dehnhardt, 2008 ) . This enables direct comparison of the results found for the fur seal and for the harbor seal.
Material and methods

Subject
The experiments were conducte d with one male South African fur seal named Fin. He was kept together with 9 harbor seals in a 9000 m 3 sea water enclosure at the Marine Science Center in Rostock. Fin joined the Marine Science Center at the age of 2 and was 3 years old when the experiment was conducte d. He was experime ntally naïve but familiar with operant conditionin g techniques and daily husbandry training. In the course of the present experime nt, Fin joined another experime nt in which he was trained on underwater sound localization. He received approximately 60% of his daily diet in the brightnes s discrimination experime nt.
Apparatu s
The experime nts were carried out in air in a dark chamber situated on a floating platform. The chamber was equipped with an illuminat ion box that produced an equally distributed and constant luminance of 0.5 cd/m 2 in the area surrounding the experimental setup. A detailed description of the illumination box can be found elsewher e (Scholtyssek, Kelber, & Dehnhardt, 2008 ) . A 173 cm Â 121 cm screen was installed in the chamber behind which the experimenter hid during the experiments in order to prevent unintention al cueing. The screen was built out of a 1 cm thick black PET plate mounted on an aluminum frame. 60 cm from the floor, a 35 cm Â 30 cm wide window was cut into the screen behind which the monitor used for stimulus presentation was placed ( Fig. 1a and b) .
50 cm from the monitor, a jaw station was installed . This station consisted of a 4 cm Â 15 cm metal bar that was perpendi cular oriented to the monitor. A small half sphere was attached to the proximal end of this bar. At the distal end, a half circle was mounted to the bar, which served to fix Fin's head position before each stimulus presentation. In this way, Fin always viewed the stimuli from the same position. The half circle had a diameter of 13 cm and was built out of stainless steel coated with black rubber. This jaw station was installed 46 cm from the floor, so that Fin's view was guided towards the center of the monitor. Two response targets were attached to the right and left side of the jaw station, 17 cm from the center.
Stimuli
Pairs of horizontally aligned gray discs were generated in PowerPoint. Each disc covered a visual angle of 6.3 deg. They were presented upon a black background on a TFT monitor with a 16 deg. distance between their centers, as viewed from the jaw station. Different shades of gray and thus different intensities were generated by varying the transparenc y of white on the black background.
Initially 10 standard intensities were generate d with the same luminance values of the standard intensities used in the study testing the brightness discrimination threshold of the harbor seal (Scholtyssek, Kelber, & Dehnhardt, 2008 ) . The luminance of the standard stimuli ranged from 16 cd/m 2 to 5 cd/m 2 (Table 1 , standard nos. 3-11). Each of the standard intensities was tested against a set of 8 darker comparison intensities. The relative intensities of all stimuli were measured using a photo spectromete r (USB 2000, Ocean Optics). The intensity difference between adjacent comparison intensities was 2-10%. In order to ensure that the intensities of the stimuli were identical when they were presented on the right side or on the left side of the monitor, an intensity calibration was performed.
In the course of the experime nt, two brighter standard stimuli (nos. 1 and 2, Table 1 ) with luminanc e values of 18 and 20 cd/m 2 were tested, each against a set of 8 darker comparisons . 20 cd/m 2 was the brightest standard that could be obtained without changing the intensity of the whole monitor.
Procedure
The brightness discriminati on ability was tested using a simultaneous two alternative forced choice task.
At the beginning of a session, the black background was presented on the monitor. Fin stationed in front of the monitor by placing his lower jaw in the half circle and touching the small half sphere at the front of the station with his muzzle (Fig. 1a) . Once Fin positioned in front of the monitor, a stimulus pair was presented. He was then required to indicate the position of the brighter stimulus by pulling his head from the jaw station and touching one of the two response targets with his muzzle (Fig. 1b) . The experimenter signaled a correct choice by blowing a whistle that served as secondary reinforcement. Subsequently, Fin was rewarded with a piece of herring or a sprat. An incorrect response was signaled with the word ''nein'' (meaning ''no'') and not rewarded. The trial was terminated by presenting the black background and the next trial started as soon as Fin stationed properly again.
Prior to the beginning of a session, Fin was adapted to the ambient luminanc e level for 3 min. This was followed by 10 warm-up Fig. 1 . Experimental setup and response behavior. The monitor (m) for stimulus presentation was inserted into a black screen (s) behind which the experimenter hid during the experiments. a. Before each stimulus presentation, Fin stationed at a distance of 50 cm from the monitor (m) by placing his lower jaw in the half circle (h) and touching a target at the front of the jaw station (j) with his muzzle. b. As soon as a stimulus pair was presented, Fin was required to indicate the position of the brighter stimulus by touching one of two response targets (r) with his muzzle. trials with the highest contrasts between standard and comparison.
Subsequentl y, just one of the 11 standard intensities was presented pseudo-randomly four times against each of the 8 darker comparison intensities. Thus, one session consisted of 42 trials (including the warm up trials). The position of the positive stimulus (the standard) was counterb alanced and pseudo-rand omized according to Gellermann (1933) . One to two sessions were run per day. Over the whole experime nt, each standard and comparison pair was presented 40 times. Standard stimuli nos. 3-11 (Table 1) were tested randomly throughout the whole experiment in order to keep the influence of possible fluctuations of the seal's motivation on the results as minimal as possible. Subsequently, the data set was supplemented with two higher standard intensities (standard nos. 1 and 2, Table 1 ) that were not tested with the harbor seal by Scholtyssek, Kelber, and Dehnhard t (2008).
Training
Training began with a black versus a white disc on a medium gray background , and the response targets were placed directly in front of the monitor underneath the stimuli. After Fin had learned to indicate the position of the white stimulus , the distance of the response targets to the monitor was increased from session to session until they were located on the left and right hand side of the jaw station. Subsequentl y, the black and the white stimulus were substituted by two gray stimuli with a high contrast presented on the black background. Since Fin immedia tely generalized the brightness relation to this stimulus pair, three new stimulus pairs with low contrasts were introduced. Again, Fin's performanc e was highly significant, demonstrat ing that he was able to generalize the rule of choosing the brighter stimulus to unfamiliar contrasts. At this point data collection began.
Analyzes
The absolute brightness discriminati on threshold was defined as the intensity difference between standard and comparison disc at which Fin performed 75% correct choices. The exact value was calculated with psychometric functions that were best described by either by Boltzmann functions or linear regressions. The level of significance was calculated to be 72% correct choices using a chi square test with a 99% confidence interval. This corresponds to 29 correct choices in 40 trials. The difference thresholds for all standard stimuli were calculated as Weber fraction (C, Eq. (1) and (2)):
with DI the absolute just noticeable intensity difference, I the intensity of the standard stimulus, and I 75 the intensity Fin could discriminate from the intensity of the standard stimulus at 75% of all presentation s.
Results
In Fig. 2a , the just noticeable intensity difference (DI) is plotted as a function of the standard intensity (I). At first sight, no linear relationship between DI and I can be found, showing that the present data are not in accordance with Weber's law. However, when treating high standard intensities (nos. 1-7, Table 1) separately, DI is a linear function of the stimulus magnitude I with DI = 0.1 Ã I (Fig. 2a, solid line, r 2 = 0.84). The value of the slope is in accordance with the mean Weber fraction of 0.1 for these standard intensities.
For lower standard intensities (nos. 8-11, Table 1 ), the function describin g the relationshi p between DI and I appears like an inverse U shape. When the Weber fractions are plotted as a function of the standard intensity (Fig. 2b) , they appear to be distributed around a constant value of 0.1 for higher standard intensities (standard nos. 1-7) as predicted by the linear relationshi p between DI and I in Fig. 2a (solid line) . This refers to a just noticeable intensity difference of 10%. However , for lower standard intensities, the Weber fraction increased up to a value of 0.29 for the lowest standard intensity tested. The whole Weber function is best described by a power function (r 2 = 0.96) modified from the entropy equation of Norwich (1987) as described by Ward and Davidson (1993) :
with a and n defining the curvature of the power function. The additive constant b defines the limit of the different ial sensitivity, hence, the lowest Weber fraction that can be obtained for high standard intensities. This lower limit of 0.074 is close to the mean value of the Weber fractions of 0.1 for higher standard intensities and even closer to the lowest value of 0.08 obtained for standard stimulus no. 2. Such a power function is usually obtained when the standard intensities are approaching the absolute detection threshold. The absolute detection threshold depends on the state of adaptatio n. To determine if a longer adaptation time would positively influence the discriminati on ability for dimmer standards , standard stimulus no. 10 was tested again with a prolonge d adaptation time of 10 min. As indicated in Fig. 2b (encircled data point) the Weber fraction dropped from 0.25 to 0.08, which is comparable to the values obtained for higher standard intensities with a shorter adaptation time.
Discussion
The brightness discriminati on threshold of one South African fur seal was determined using the same experimental conditions as applied to the harbor seal in an earlier investigatio n (Scholtyssek, Kelber, & Dehnhardt, 2008 ) . Due to the findings for the harbor seal, the Weber fractions obtained for the fur seal were expected to be constant for all standard intensities which would have been in accordance with Weber's law. Instead, it was found that the Weber function increased for lower standard intensities and only remained relatively constant for high standard intensities. This trend can be perfectly described by a power function as illustrated by Ward and Davidson (1993) . This power function is derived from Norwich's entropy law of perception (Norwich, 1987) . It describes the plateau of the Weber function for high intensities, termed the Weber region (Norwich, 1987 ) , as well as the rise of the Weber function when approaching the absolute detection threshold, termed the Stevens region (Norwich, 1987 ) , as it has been observed for many sensory modalitie s (for a summary of examples see (Masin, 1995 ) . The high coincidence of the Weber function with the power function in the present study suggests that the rise of the Weber function obtained for lower stimulus magnitudes reflects the approximat ion of the absolute detection threshold when the adaptatio n time was 3 min. When the seal was retested with the second lowest standard intensity after a prolonged adaptation time of 10 min., the Weber fraction dropped from 0.25 to 0.08 which coincides with the difference threshold predicted by the power function (0.074) and is identical to a value obtained for a higher standard intensity. This suggests that, after entering the dark chamber from bright daylight, the fur seal was still quite light adapted following an adaptation time of 3 min. 3 min of dark adaptation were sufficient to ensure optimal differential sensitivity for high standard intensities as predicted by the constant relationship between DI and I in Fig. 2a . However , it may have caused the decreased sensitivity to low standard intensities which would also impair differential sensitivity as indicated by an enhanced sensitivity after a prolonged dark adaptation time.
State of adaptation of the fur seal may also have accounted for the rise of the Weber function found by Scholtyssek, Kelber, and Dehnhardt (2008) when reanalyzing the data obtained by Busch and Dücker (1987) (Fig. 3) . Busch and Dücker (1987) presented the stimulus cards on a white board so that the grey stimulus cards were all darker than the background. The fur seals in that study were adapted to a bright background and consequentl y may have become relatively insensitive to the differentiation of very dark stimulus cards.
As already mentioned in the introduct ion, the rise of the Weber function at low and high stimulus magnitudes may be explained by the fact that Busch and Dücker (1987) only provided the relative reflectance of the stimulus cards which does not represent their actual relative brightnes s at different lightning conditions. A fluctuating brightness of the ambient lightning causes a fluctuating discriminabi lity of adjacent shades of gray which, accordin g to Weber's law, should be linearly depende nt on the stimulus magnitud e. Without knowledge about the fluctuations of the stimulus magnitude, however , the calculated thresholds must represent an overor an underestimati on. The study at hand showed that the thresholds have been underestimate d.
Comparis on between harbor seal and fur seal and ecological implication s
For the fur seal, a mean Weber fraction of 0.1 was determined for high standard intensities and the power function predicts an even lower value of 0.074. The lowest values measure d were 0.08. This is almost half of the mean Weber fraction obtained for the harbor seal by Scholtyssek , Kelber, and Dehnhardt (2008) under the same experimental conditions, and much lower than the mean Weber fraction of 0.3 obtained by Busch and Dücker (1987) . As already discussed in the section above and by Scholtyssek, Kelber, and Dehnhardt (2008) , the latter is likely to be a conseque nce of uncontrolled condition s and a lack of knowledge about the stimulus intensities under various ambient lightning condition s.
The low discrimination thresholds found in the two pinniped s increases the distance up to which they can detect objects and resolve details as long as the objects or details are not smaller than the spatial resolution threshold of the animal. It has to be noted that the object detection while foraging may furtherm ore be enhanced by contrast enhancement due to lateral inhibition at the border between object and background. Such a contrast enhancement does not occur when the objects are spatially separated as it is the case in the present and former studies.
It was somewhat unexpected to find indication for a slower dark adaptation rate in the fur seal, compared to the harbor seal. For the harbor seal, 3 min were sufficient to obtain a relatively constant different ials sensitivity for high and low standard intensities . The results of the present study let us assume that the fur seal needed more than 3 min to adapt to the same ambient luminance, although it remains unclear how much time exactly would be Fig. 3 . The mean Weber fractions (DI/I) for every standard stimulus for five fur seals tested by Busch and Dücker (1987) plotted as a function of the stimulus magnitude I. The values were recalculated from the published data by Scholtyssek, Kelber, and Dehnhardt (2008) . The separate calculated Weber fractions diverge drastically from the mean Weber fraction of 0.30. The lowest difference threshold can be observed for a stimulus reflectance of 20%. Beyond this point of maximal brightness discrimination ability, an increase of the discrimination threshold for increasing as well as decreasing stimulus magnitude becomes apparent, whereas the increase is more distinct and more rapid for the latter one. The figure is modified from Scholtyssek, Kelber, and Dehnhardt (2008). needed. It can only be assumed that it must be a time frame between 3 and 10 min. Levenson and Schusterman (1999) compared the dark adaptation rate of two phocid species (harbor seal and southern elephant seal) and one otariid species (California sea lion) and found that the California sea lion actually seems to dark adapt faster than the harbor seal. The opposite seems to happen in the fur seal and it would be of interest to perform a dark adaptation study with the fur seal and the harbor seal, comparable to that performed by Levenson and Schusterman (1999) . Since only one individual of each species has been tested so far, general conclusions about dark adaptation cannot be made, but it is still interesting to think of potential consequences of a slower dark adaptation rate in the fur seal. When foraging at night, a slower dark adaptatio n would not affect brightness discrimination abilities and the high sensitivity to brightness contrasts facilitates prey detection by enlarging the maximum distance at which the (sufficiently large) prey can still be discrimin ated from the surroundings. When foraging during the day, however, a slow dark adaptation would greatly influence the fur seal's ability to visually detect prey. The light level at the foraging depth of fur seals is quite low (Jerlov, 1951 ) and it reaches its maximum foraging depth in 1 min (Gentry & Kooyman, 1986 ) . If 3 min would not be sufficient for the fur seal to adapt from bright daylight to a relatively low ambient luminance, contrast detection during daytime dives would be reduced. This would clearly affect the distance at which prey can be visually detected (Warrant & Locket, 2004 ) . In contrast to most fur seal species, harbor seals have a rather arrhythmic foraging pattern and dive to even greater depths than the South African fur seal, depending on local geological conditions and prey abundance. As shown by Scholtyssek, Kelber, and Dehnhardt (2008) the visual system of the one harbor seal tested is highly sensitive to brightness differenc es, even after only 3 min of dark adaptatio n. This may facilitate visual long range prey detection during daytime dives in the harbor seal, although increased turbidity may impair vision in this species as well (Weiffen et al., 2006 ) .
Implications on color vision
Like all pinniped s investigated so far, fur seals are cone monochromats (Peichl, Behrmann, & Kröger, 2001 ) , thus lacking the potential for cone-based color vision. Therefore it is surprising that former studies with the fur seal and three other marine mammal species seem to demonstrat e color vision in the blue-gree n range of the spectrum (Busch & Dücker, 1987 ; Griebel & Schmid, 1992 ; Wartzok & McCormick, 1978 ) . It was assumed that the observed color discriminations were based on a comparison of the signals from the single cone type and the rods, as it has been shown in two monochromati c primates (Blakeslee & Jacobs, 1985; Jacobs et al., 1993 ) . However, as already discussed by Scholtyssek, Kelber, and Dehnhardt (2008) , none of the former color vision studies with pinnipeds controlle d carefully enough for the use of brightness differences between the colors. Given the high sensitivity to brightness differences found in the present study and by Scholtyssek, Kelber, and Dehnhardt (2008) , it appears even more likely that the seals in the color vision experiments were able to discrimin ate the stimuli using brightness differences as a secondary cue. Therefore, knowledge about the brightness discriminati on threshold is important for the elimination of brightness cues in color vision experiments .
One great advantage of color vision over achromatic vision is color constancy (Campenhausen , 1986 ) meaning that the hue is perceived as to be constant irrespective of the spectral compositi on of the ambient light, which largely facilitate s object recogniti on. However, color constanc y fails when the spectrum is too narrow, which is the case when foraging at greater depth or in very turbid water (Jerlov, 1951 ) . Therefore color vision is unlikely to be beneficial for foraging seals. It would even be disadvantag eous, given the necessity to compare photorecep tor signals in color opponent mechanis ms. This comparison decreases the signal to noise ration and hence absolute sensitivit y to a great extent. The ecology of seals, however, should favor sensitivit y by increasing the signal to noise ration which can be achieved by summing the signals of different photoreceptors . It is therefore conceiva ble that fur seals and other marine mammals lost color vision in favor of sensitivity. This, however, has still to be investigated with proper methods . The brightness discriminati on data obtained in the present study will be of importance to design color vision experiments that control for secondary brightness cues.
There is still a significant lack of information on brightness discriminati on in other pinniped species, and more extensive research in this area is necessar y. A comparison of the brightnes s discrimination abilities of diverse species differing with respect to their habitats, diving depths, and activity patterns will largely contribute to our understanding of the role of the visual sense for foraging and navigation in pinniped s.
